In our previous paper, mixed polyetheleneglycol (PEG) modification of liposomes by a mixture of 1-monomethoxypolyethyleneglycol-2,3-distearoylglycerol (PEG-DSG) with short polyoxyethylene chain and PEG-DSG with long one was shown to increase fixed aqueous layer thickness (FALT) around the liposomal membrane, and this was useful in vivo. In this study, we investigated the characterization of mixed PEG modification of liposomes with different anchors (PEG2000-DSG and PEG2000-cholesterol (CHO)). When the liposomes was modified by a mixture of PEG2000-DSG and PEG2000-CHO, FALT was increased compared to that of each single PEG-lipids modification and the most suitable mix modification (PEG2000-DSG : PEG2000-CHO‫3؍‬ : 1) showed a maximum FALT. This phenomenon was speculated to be based on the difference in the insertion state of the PEG anchor unit in the liposomal membrane. PEG-CHO-modified liposomes (single or mixed PEG-modified liposomes) were easily incorporated into the liposomal membranes compared with that of single PEG-DSG-modified liposomes. Namely, it was considered that the cholesterol anchor as a single chain was able to be easily introduced, compared with the DSG anchor as two chains, and induced some interaction with both PEG modification. In conclusion, it is expected that novel PEG-modified liposomes with PEG2000-DSG and PEG2000-CHO (3 : 1) had superior physicochemical properties.
Polyethyleneglycol (PEG)-modified liposomes are able to avoid from catch by the reticuloendothelial system (RES). It has been clarified that the prolongation of liposome circulation in the blood and passive targeting to the tumor was achieved by PEG modification of the liposomal surface. 1, 2) In terms of their physicochemical properties by PEG modification, many studies have examined the interaction between the prolonged circulation time of liposomes and the conditions of the PEG-molecule on the liposomal surface. [3] [4] [5] The fixed aqueous layer thickness (FALT) around the liposome was measured using interfacial electrochemistry and it was reported that the FALT of PEG-modified liposomes increased in comparison with PEG unmodified liposomes. 6, 7) PEGalkyl lipid derivatives have different physicochemical properties depending on the molecular weight of the PEG-moiety, the fatty acid length as the anchor, and the conformation of the spacer unit. In our previous paper, we reported the mixed PEG-modified liposomes obtained with a mixture of PEG of short and long polyoxyethylene chains were useful. 8, 9) Namely, the mixed PEG modification with different PEGmolecular weights increased the FALT, compared to that of single PEG modification. 8, 9) Furthermore, we confirmed that mixed PEG modification of the doxorubicin (DOX)-containing liposomes improved the biodistribution and increased in the antitumor activity compared to that of the single PEG modifications, and are superior. 10) On the other hand, there are different mixed modifications by two PEGs that have different anchor units with the same molecular weight. 10) However, the characteristics (maximum FALT, most suitable ratio of PEG lipid and incorporated ratio of PEG lipid, etc.) of these liposomes are not clear. In this study, we used PEG-2,3-distearoylglycerol (PEG-DSG) with an alkyl anchor and cholesterol-PEG (PEG-CHO) with a cholesterol anchor, which has different characteristics as the surface material of the liposomes, and examined the physicochemical characteristics of mixed PEG-modified liposomes with different anchor units (with the same molecular weight).
MATERIALS AND METHODS

Materials
The doxorubicin (DOX) used to prepare liposomes was a gift from Mercian Co., Ltd. (Tokyo, Japan). La-distearoylphosphatidylcholine (DSPC) and L-a -distearoylphosphatidyl-DL-glycerol (DSPG), used to prepare liposomes, were purchased from NOF Co., Ltd. (Tokyo, Japan). 1-Monomethoxypolyethyleneglycol-2,3-distearoylglycerol (PEG-DSG), with PEGs of average molecular weights of 500 (PEG500-DSG) and 2000 (PEG2000-DSG) and cholesterolpolyethyleneglycol (PEG-CHO), with PEGs of average molecular weights of 1000 (PEG1000-CHO) and 2000 (PEG2000-CHO), were a gift from NOF Co., Ltd. All other chemicals were commercial products of reagent grade.
Preparation of Liposomes
11)
All liposomes were prepared according to a modification of the method of Bangham.
12) DSPC/cholesterol/DSPG/PEG-lipid (100 : 100 : 60 : 15 mmol) were dissolved in a chloroform/methanol mixture (4 : 1, v/v) and the mixture was dispersed by sonication. The chloroform and methanol were then evaporated to dryness under a stream of nitrogen gas. The thin lipid film was evacuated in a desiccator and then hydrated with 10 ml of 9.0% sucrose in 10 mM lactate buffer (pH 4.0) in a water bath at 75°C for 10 min. The suspension was sonicated for 20 min at 75°C after nitrogen gas bubbling. The liposome suspension was extruded through two stacked polycarbonate membrane filters. The PEG unmodified liposome was expressed as the plain liposomes (PL). These PEG-modified liposomes were expressed as detailed below. The DOX-containing liposomes were prepared as above, and DOX 10 mg (18 mmol) was added when the lipid film was prepared. DOX liposomes without PEG coatings were referred to as plain liposomal DOX (PLDOX), while those coated with PEG2000-DSG, PEG2000-CHO and PEG2000-DSG : PEG2000-CHO ( Each liposome suspension was dialyzed against 9.0% sucrose in 10 mM lactate buffer (pH 4.0) for 16 h to remove the untrapped DOX.
Physicochemical Characteristics of Liposomes The particle sizes and zeta potentials of the liposomes were measured with an electrophoretic light scattering apparatus (ELS 8000; Otsuka Electronics, Co., Ltd. Osaka, Japan). Zeta potentials were measured with various concentrations of NaCl and plotted against k, that is, 3.3ϫ√ෆ c+0.0056 (c, concentration of NaCl), the slope giving the position of the slipping plane or FALT in nm units. 6, 8) Based on this theory, the thickness of the fixed aqueous layer of each liposome was estimated.
Determination of the Incorporated Ratio of PEG Lipids
The incorporated ratio of PEG lipids was defined as the ratio of PEG lipids incorporated into the liposomal membranes. Micelles formed from PEG-lipid in each PEG-modified liposome suspension were removed. To separate PEGlipid that were not incorporated into liposomal membranes, each PEG-lipid modified liposome suspension was centrifuged at 30000 g for 2 h. Tris-HCl-150 mM NaCl buffer (10 mM) was added to the pellet, followed by sonication. We determined the amount of PEG-lipids in the sample by direct determination using the picrate method. 13) Statistical Analysis Statistical analysis was performed using ANOVA.
RESULTS
FALTs and Particle Sizes of PEG Modified Liposomes
As shown in Table 1 , the FALT increased with the increase in PEG-molecular weight in single PEG-DSG-modified liposomes, but the FALT value of PEG-CHO did not increase with the increase in PEG-molecular weight. On the other hand, the FALT of mixed-modified liposomes with the DSG anchor and different PEG molecular weight increased more than that of the single PEG-modified liposomes. The FALT of PEG-CHO-modified liposomes with different PEGs also increased more than that of the single PEG-modified liposomes. However these increases were small.
All liposomes were similar in size. The Change of the FALT According to the Mixing Ratio The FALT, which were modified by a mixture of PEG2000-DSG and PEG2000-CHO, was plotted against the PEG2000-DSG mixing ratio (Fig. 1) . The FALT increased with the PEG2000-DSG ratio. The FALTs of PEG2000 (DSG : CHOϭ1 : 1) and PEG2000 (DSG : CHOϭ3 : 1) were 3.11Ϯ0.23 nm and 3.93Ϯ0.43 nm, respectively. Thereafter, the FALT decreased. Namely, the FALT of PEG2000 (DSG : CHOϭ3 : 1) showed the maximum value.
Incorporation of PEG-lipids into the Liposomal Membrane (Fig. 2 ) PEG2000-DSG was 33.5% (0.05Ϯ0.01 mM) against the addition amount. On the other hand, PEG2000- 
Fig. 1. Effect of the PEG2000-DSG Ratio on the FALT of PEG2000 (DSG : CHO)-Modified Liposomes
PEG-modified liposomes was prepared with the changed ratio of PEG-DSG and PEG2000-CHO according to a modification of the method of Bangham. Zeta potentials were measured with various concentrations of NaCl and plotted against k, that is, 3.3ϫ√ෆ c+0.0056 (c, concentration of NaCl), the slope giving the position of the slipping plane or FALT in nm units. When PEG2000-DSG ratio is 0%, PEG2000-CHO ratio is 100%. Each point represents the meanϮS.D. (nϭ3). Significant differences from the level of PEG2000-DSG (0%) were indicated by a) pϽ0.01 and b) pϽ0.05.
Fig. 2. Incorporated Amount of PEG-DSG and PEG-CHO into the Liposomal Membrane
The incorporated ratio of PEG lipids was defined as the ratio of PEG lipids incorporated into the liposomal membranes. Micelles formed from PEG-lipid in each PEGmodified liposome suspension were removed. To separate PEG-lipid that were not incorporated into liposomal membranes, each PEG-lipid modified liposome suspension was centrifuged at 30000 g for 2 h. Tris-HCl-150 mM NaCl buffer (10 mM) was added to the pellet, followed by sonication. We determined the amount of PEG-lipids in the sample by direct determination using the picrate method. 
DISCUSSION
We indicate the prospect that the FALT and a long circulation time of liposomes have a close connection. 9, 10, 15) When the PEG lipid concentration around the liposome is over 4.7 mol%, the PEG lipids show the 'brush' structure. [16] [17] [18] [19] This condition induces long time circulation in the blood by avoiding entrapment by RES cells, 3, 4) because the protein in the blood does not enclose the liposomal surface. 20) However, it is difficult to insert PEG level, which can induce an enlargement of the FALT. We have suggested the utility of mixed PEG modifications by two PEG lipids with different molecular weights. 9) Namely, when the liposomes were modified by the combination of PEG lipids with different physicochemical properties, it was shown that the FALT increased and improved the antitumor activity of DOX. 8, 9) The increase of these FALTs was thought to occur as follows. 'Mushroom' structures of the PEG lipid with large molecular weight became longer by insertion of the PEG lipid with a short polyoxyethylene chain. Furthermore, the mixed PEG-modified liposomes showed a prolonged circulation in blood. [8] [9] [10] We used PEG-CHO, which has different characteristics with the alkyl anchor as the surface material of the liposome modification, and we tried novel mixed PEG modification. In single PEG-DSG-modified liposomes, the FALT was increased with the increase of the PEG-molecular weight. In single PEG-CHO modified liposomes, the FALT was PEG-CHO (2000)ϭPEG-CHO (1000). This phenomenon was expected to be based on the difference in the bulk size of the anchor unit. We estimate that the bulk size of the cholesterol unit is over twice that of the alkyl unit. Namely, we expected that the distance of the adjacent PEG chain in PEG-CHO is wide and the interaction with each PEG-CHO is lower.
When the liposomes were modified by a mixture of PEG2000-DSG and PEG2000-CHO, the most suitable mix modification (PEG2000-DSG : PEG2000-CHOϭ3 : 1) showed a maximum FALT. This phenomenon was speculated to be based on the difference in the insertion state of the PEG anchor unit in the liposomal membrane. It is thought that the increase of FALT by the mixed PEG modification is based on the following reason. Only a part of the anchor units of PEG-CHO exist in the liposomal membrane, and the PEG chain of PEG-DSG pushes up the PEG chain of PEG-CHO. The other way, the PEG-CHO, where one chain is inserted into the deep position, the PEG chain of PEG-CHO pushes up the PEG chain of PEG-DSG, and PEG-DSG changes from the mushroom structure to the brush structure. As these effects were considered to be induced to a maximum level in PEG2000-DSG : PEG2000-CHOϭ3 : 1-modified liposomes, this ratio showed the maximum FALT.
The FALT is expected to increase with the increase of the incorporated amount of PEG-lipid into liposomal membrane. The incorporation of PEG-lipids into the liposomal membrane was PEG2000 (DSG : CHOϭ1 : 1)ԼPEG-CHO (2000)ԼPEG2000 (DSG : CHOϭ3 : 1)ϾPEG-DSG (2000).
Namely, the increase of FALT by mix modification was clarified to be not connected with the incorporated amount of PEG-lipid into liposomal membrane. In PEG-CHO modified liposomes (single or mixed PEG modified liposomes), PEGlipid was easily incorporated in liposomal membranes compared with that of single PEG-DSG-modified liposomes. This effect was thought to occur as follows; 1) PEG2000-CHO with a cholesterol anchor was easily incorporated for more affinity with constituent lipids than PEG2000-DSG with an alkyl anchor, 2) cholesterol is easy to form into the cluster or 3) long anchor units are difficult to insert into the liposomal membranes. The incorporated PEG level of single PEG2000-DSG and single PEG2000-CHO into the liposomal membrane were 0.50Ϯ0.01 mM (33.5Ϯ0.3%) and 0.94Ϯ0.02 mM (63.0Ϯ1.6%), respectively. On the other hand, if each PEG-lipid with mixed PEG modification was incorporated into the liposomal membranes at an equivalent ratio to the single modification, it is calculated that the amount of the incorporated PEG with PEG2000 (DSG : CHOϭ1 : 1) was expected to be 0.96 mM (PEG2000-DSG: 0.33 mM, PEG2000-CHO: 0.63 mM). This value was at the same level as the determined value (1.01 mM). In the PEG2000 (DSG : CHOϭ3 : 1), we indicated that the same phenomenon was shown. Namely, we expected that incorporation of PEGlipids in mixed PEG modification was reflected in each single PEG modification. This determined method of PEG-lipid could not separate the PEG2000-DSG and PEG2000-CHO in the mix PEG-modified liposomes. However, these results suggested that incorporation of PEG-lipids in mixed PEG modification were same ratio with the additional ratio.
As the results in this study, in mixed PEG-modified liposomes with PEG2000-DSG and PEG2000-CHO, the FALT increased more than the single PEG-modified liposomes. Moreover, the maximum FALT (PEG2000 (DSG : CHOϭ 3 : 1)-modified liposome) was induced by the most suitable mixture. In conclusion, it is expected that novel PEG-modified liposomes with PEG2000-DSG and PEG2000-CHO (3 : 1) had superior properties. In the future, more detailed study will make it possible to construct the liposomes that have hitherto never existed.
